Structural characterization and magnetic properties of undoped and copper-doped cobalt ferrite nanoparticles prepared by the octanoate coprecipitation route at very low dopant concentrations magnetocrystalline anisotropy constant (K) and reduced magnetization (M r /M s ), obtained from magnetic hysteresis loops measured at room temperature, are in agreement with this mixed spinel structure and also indicate that these materials are ferromagnetic and could be good candidates for applications in biomedicine and in microwave devices.
Introduction
Magnetic spinel ferrite nanomaterials have nowadays attracted a lot of interest because of the important roles they play in enhancing knowledge and understanding of the functioning of magnetic materials in general and ferrites in particular. [1] [2] [3] [4] This is more so given the fact that ferrites have several technological applications such as in high density magnetic storage, sensors, biomedical drug delivery, broadband transformers, computer circuitry, carrier telephony and highly efficient catalysts.
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Most of these applications depend on the magnetic properties of these materials which could be ascribed to a complex interplay of several factors where cationic distribution and spin canting are fundamental and predominant. 12 The general formula for spinel ferrites is MFe 2 O 4 , where M is a divalent metal ion and Fe is present in the +3 oxidation state. [13] [14] [15] [16] Generally, there are two types of ferrite spinel structures: the normal and the inverse, even though most spinel ferrites are inverse. 17, 18 In the normal spinel, the tetrahedral sites occupied contain the M 2+ ions while the Fe 3+ ions are located in the octahedral sites occupied. [19] [20] [21] In the inverse spinel, however, all the M 2+ ions and half of the Fe 3+ ions are located in the octahedral sites occupied, with the other half of the Fe 3+ ions in the tetrahedral sites occupied.
This implies that the cation distribution between the two interstitial sites could inuence the magnetic properties of the spinel ferrites.
The cobalt ferrite spinel (CoFe 2 O 4 ), in particular, is a hard magnetic material with well-known properties such as mechanical hardness, remarkable chemical stability, high anisotropy (K a ¼ 3 Â 10 5 J m À3 ) 8 and a relatively high saturation magnetization (M s ) and coercivity (H c ). As a result, it has many applications such as in ferrouids technology, as biocompatible magnetic nanoparticles for cancer treatment, for magnetic resonance imaging and in microwave devices. 5, [22] [23] [24] [25] The substitution of cobalt by copper in CoFe 2 O 4 is known to modify the structural and magnetic properties of the material making it a suitable candidate for some applications like in biomedical drug delivery and in microwave, switching and memory devices.
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Most oen, the magnetic properties of cobalt ferrite spinels depend on the preparation method [27] [28] [29] and the nature of the dopant used. 33 Among all these methods, coprecipitation has been preferred. It involves precipitating simultaneously two or more metal salts in solution by using a precipitating agent (or ligand) and subsequently thermally decomposing the precipitate.
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Relative to the other methods, it offers several advantages such as better distribution of the constituents in the resulting ferrites, low operating temperature, low cost and good control of stoichiometry. The undoped and copper-doped cobalt ferrite nanoparticles, Co 1Àx Cu x Fe 2 O 4 (x ¼ 0, 0.02, 0.04, 0.06, 0.08) were obtained via two experimental steps: the precursors were rst synthesized by coprecipitation in aqueous solution containing iron, copper and cobalt ions in the right ratio using the octanoate ligand as precipitating agent then followed by thermal decomposition of the precursors obtained. For example, for the synthesis of cobalt iron octanoate precursor: lithium octanoate was rst prepared in aqueous solution by adding lithium hydroxide (13 mmol) to octanoic acid (13 mmol) . Aer a few minutes, an aqueous solution containing cobalt(II) nitrate (1.6 mmol) and iron(III) nitrate (3.2 mmol) was poured drop by drop into the previously prepared solution of lithium octanoate with continuous stirring. The resulting brown solution was then stirred for another 1 h at room temperature (30 C) . The resulting precipitate (cobalt-iron octanoate) was then ltered (to remove the LiNO 3 ), washed with ethanol and dried in a desiccator for two days at room temperature to obtain a light brown powder. The asprepared precursor powder was decomposed in air at 400 C in a tubular furnace (heating rate 15 C min À1 ) for 3 h. The scheme of the synthesis is shown in Fig. 1 . The as-prepared powder samples of Co 1Àx Cu x Fe 2 O 4 for x ¼ 0, 0.02, 0.04, 0.06, and 0.08 were labelled, respectively, as S1, S2, S3, S4 and S5 while the corresponding decomposed products were labelled as S1P, S2P, S3P, S4P, and S5P.
Characterization methods
The metal contents of the precursors were estimated by Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) using a Thermo Jarrell Ash Iris Advantage apparatus.
The solution used for measurements was obtained as follows. A few milligrams ($80 mg) of the sample were digested in 4 mL of mixed acid (3 mL of concentrated nitric acid + 1 mL of concentrated hydrochloric acid) and the resulting solution was diluted to 1000 mL using distilled water. A LECO CHN 900 Elemental Analyzer was used for the C and H analyses in the precursors. The functional groups of the octanoate ligand were determined using Fourier Transform Infra-Red (FTIR) spectroscopy using a Quick Lock Single Reection Horizontal ATR Accessory from Bruker. The thermal decomposition behaviour of the precursors was studied by Thermogravimetric Analysis (TGA) on a METTLER TOLEDO Thermal Analyzer in air at a ow rate of 100 mL min À1 , between 25-900 C and at a heating rate of 10 C min À1 . Powder X-Ray Diffraction (XRD) data of the decomposed products were collected at room temperature on a D5000 Siemens Kristalloex q-2q powder diffractometer which has a Bragg-Brentano geometry, is equipped with a graphite-monochromated Cu-Ka (l ¼ 1.54056Å) radiation. For the experiment, the samples were spread out on a at silicon plate in such a manner as to avoid preferred orientations. The patterns were recorded in the range of 5-90 with a scan step of 0.02 (2q) and a 2 s acquisition interval. The XRD patterns were compared to those of the CoFe 2 O 4 patterns of the ICCD using the High-Score Plus soware for phase identica-tion. The recorded patterns were also indexed and the unit cell rened by using the FULLPROF suite program. The morphology of the powder was determined by Scanning Electron Microscopy (SEM) using a high resolution FEG JEOL7600F with an accelerating voltage of 1 kV. The morphologies of the samples were conrmed by Transmission Electron Microscopy (TEM, Leo922 Model from Zeiss) at an accelerating voltage of 120 kV. The TEM samples were prepared by dropping a sonicated water dispersion of the powder samples on a carbon-coated copper grid. The composition, the chemical state of the various constituents and the stoichiometry of each sample were determined by X-ray Photoelectron Spectroscopy (XPS) using a Kratos Axis Ultra spectrometer (Kratos Analytical, Manchester, UK) equipped with a monochromatized aluminum X-ray source (powered at 10 mA and 15 kV) and an eight-channeltron detector. The magnetic measurements were carried out at room temperature a SQUID-Vibrating Sample Magnetometer (Quantum Design) with an applied eld in the range AE 60 kOe. Fig. 2 shows the FTIR spectra of the ve samples (S1 to S5) while the characteristic bands of these samples and their assignments are as presented in Table 2 3.1.3. Thermogravimetric analysis (TGA). Fig. 3 shows the TGA curves for sample S2 (Fig. 3a) and comparative TGA curves for S1 to S5 (Fig. 3b) . The TGA curve of sample S2 (Fig. 3a) selected as representative of all the samples presents two main weight loss steps.
Results and discussions
Step 1 (2.8% weight loss) occurs between $50 C and $100 C and corresponds to dehydration with the removal of 2 molecules of water of crystallization (cf. 3.3% theoretical weight loss). The Simultaneous Differential Thermal Analysis (DTA) curve shows that the dehydration step is endothermic.
Step give the copper-doped cobalt ferrite. The TGA curves (Fig. 3b ) for S1 to S5 follow a similar pattern. 
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The absence of other absorption bands is an indication that the decomposition of the precursors was complete at that temperature.
For spinel ferrites, the band appearing at the higher wave number (500-600 cm À1 ) is usually assigned to tetrahedral coordination while that at the lower wave number (385-450 cm À1 ) is oen ascribed to octahedral coordination.
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Thus, it can be concluded that the products, S1P to S5P, correspond to the cobalt ferrite spinel. Avazpour et al. 45 have obtained similar results with the absorption bands at 540 cm À1 and 331 cm À1 corresponding, respectively, to the tetrahedral and octahedral groups in cobalt ferrite. 3.2.2. Structure and morphology. Fig. 5 shows the room temperature XRD patterns of the decomposition products S1P to S5P. These XRD patterns consist of diffraction peaks which are well indexed from the origin through the higher 2q values to the crystal planes: (111), (220), (311), (222), (400), (422), (511), (440), (620) and (533) of the CoFe 2 O 4 compound (JCPDS card no: 79-1744). This corresponds to a spinel structure, (Fd 3m space group). 24 The lattice parameters "a" of all these samples are presented in Table 3 . The parameter decreases from 8.352Å to 8.344Å as the doping percentage (x) increases from 0 to 0.04 but increases from 8.344 to 8.366Å as x increases from 0.06 to 0.08. These variations are probably related to the structure of the compounds. The parent material (CoFe 2 O 4 ) obtained through the coprecipitation method used in this work could be a mixed spinel structure where a part of Co(II) and Fe(III) ions are found in the tetrahedral and octahedral interstices occupied. For a copper content (x) less than 0.06, only the cobalt(II) ions of the tetrahedral sites are substituted. The unit cell parameter of the compound slightly decreases since the ionic radii of copper(II) and cobalt(II) ions are, respectively, 0.57Å and 0.58Å in a tetrahedral coordination. 48 But for a copper content greater than or equal to 0.06, all the copper ions of the tetrahedral site are substituted and a part of the cobalt(II) ions located in the octahedral sites are also replaced. The unit cell parameter of the compound, therefore, increases since the ionic radius of the copper(II) ion (0.73Å) is greater than that of cobalt(II) (0.65Å) in an octahedral coordination.
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From the (311) diffraction line, the average crystallite diameters (D) of the samples (Table 3) were estimated using the Scherrer equation 5, 49 and were found to decrease from 16.8 nm in the pure cobalt ferrite with increasing the copper content (x), to a value of 13.5 nm for x ¼ 0.06. Between x ¼ 0.06 and x ¼ 0.08, however, the crystallite sizes increased to 13.6 nm. The observed decrease in crystallite size with doping up to x ¼ 0.06 can be attributed to the substitution of cobalt(II) ions by the relatively smaller copper(II) ions in the tetrahedral site. The increase in size between x ¼ 0.06 and x ¼ 0.08 could be attributed to the fact that the substitution of the cobalt(II) ions by the relatively larger copper(II) ions rather takes place in the octahedral site, which is larger, thus, provoking an increase in the particle size. This phenomenon has been observed by other researchers for values of x higher than 0.08. 10, 50 Furthermore, the crystallite sizes of the samples vary only slightly with increasing doping. This is normal since the doping levels are very low and the differences in doping concentrations are also very small. The closeness in these values is an indication that nano-sized particles of these materials have been obtained via the coprecipitation method employed.
The SEM images showing the morphology and microstructure of the decomposition products are as presented in Fig. 6 for the three (03) samples S1P (Fig. 6a), S3P (Fig. 6b) and S5P (Fig. 6c) while a further investigate on the morphology carried out by TEM is shown in Fig. 7 (S1P (Fig. 7a) and S2P (Fig. 7b) ). The SEM images indicate that there is agglomeration and that the crystals are homogeneous, regular and yeast-like in shape. The particle sizes of about 20 nm estimated from TEM analysis are in good agreement with those (14 nm) deduced from XRD data. The phenomenon of agglomeration observed with these samples can be explained on the basis of their small particle sizes and the absence of steric hindrance both of which facilitate the particles coming together to form agglomerates. The very low agglomeration depicted by TEM analysis suggests that the critical coagulation concentration of the cobalt spinel ferrite samples correlates positively with the specic surface area. In other words, samples with higher specic surface areas are indicative of the fact that it is the surface chemistry rather than the bulk properties that are dominant in spinel ferrite aggregation. 51 This agglomeration phenomenon in the cobalt ferrites has also been reported in the literature. 
XPS analysis.
The chemical state of the various constituents of the decomposition products S1P, S3P and S5P were investigated by XPS. The wide-scan XPS spectra of these samples in the binding energy range 200 to 965 eV, are presented in Fig. 8 . The binding energies of the particles were calibrated by taking the C1s peak as reference ($285 eV). As expected, the XPS spectra showed that copper, cobalt, iron and oxygen are present in the samples. The broad peaks in the 830-930 eV region represent the Auger lines which are usually present in the XPS spectra. 54 They are assigned to the Fe LMM Auger lines. The XPS spectra given in Fig. 9 display binding energies which are assigned to Co2p (Fig. 9a), Cu2p (Fig. 9b) and Fe2p (Fig. 9c) on the surface of the Co 1Àx Cu x Fe 2 O 4 ferrites (x ¼ 0, 0.04, 0.08).
The binding energies of Fe2p, Co2p and Cu2p are presented in Table 4 . The binding energies of Cu 2p 3/2 and Cu 2p 1/2 for the samples S3P were obtained, respectively, as 932.6 eV and 952.4 eV while for S5P the values were, respectively, 932.7 eV and 952.4 eV (Fig. 9b and Table 4 and Fig. 9a show that the average binding energy of Co 2p 3/2 for S1P, S3P and S5P is about 780.4 eV while that of Co 2p 1/2 is 795.4 eV for the same samples. Fig. 9c gives an average value of 710.9 eV for Fe 2p 3/2 and 719 eV for Fe 2p 1/2 for samples S1P, S3P and S5P. The results obtained in this work for Co and Fe have been ascribed to Co 2+ and Fe 3+ by other researchers. [57] [58] [59] [60] The slight differences observed in the Since the magnetization is not saturated even at the highest eld of measurement (60 kOe), saturation magnetization was calculated from the initial magnetization curve by plotting M versus 1/H and then extrapolating the magnetization to 1/H ¼ 0. The magnetocrystalline anisotropy constant (K) was calculated using the equation K ¼ m 0 M s H c r/2 where the density r is given by r ¼ 8M/(N A a 3 ) with N A , the Avogadro's constant and, M and a, the molar weight and the lattice parameter of the sample, respectively. The different magnetic parameters are tabulated in Table 5 . As can be observed from Table 5 , M s values for the assynthesized samples increase from 67.1 to 73.5 emu g À1 (for x varying from 0 to 0.06) before decreasing to 68.5 emu g À1 with x ¼ 0.08 (Fig. 11) . The initial increase in M s as x increases can be explained by the possible substitution of Co 2+ by Cu 2+ at the tetrahedral sites of the spinel ferrite lattice. These observed trends in the variation of M s can be justied by Neel's twosublattice magnetization model. 10, 22, 24, 64 have reported opposite trends. This difference can be explained on the basis of the fact that all the reported studies are performed with substitution intervals for x $ 0.1 whereas in this work the level of substitution is below 0.1 (x ¼ 0 to 0.08). To the best of our knowledge there are no reports in the literature at these very low levels of Cu 2+ substitution in cobalt ferrites.
The values of M s obtained for Co 1Àx Cu x Fe 2 O 4 are lower than for the bulk cobalt ferrite and this could be attributed to the very small size of the nanoparticles in the former. For example, the saturation magnetization, M s , obtained for x ¼ 0 is 67.1 emu g À1 which is much lower than that reported for the bulk cobalt ferrite (z90 emu g À1 ). 65, 66 Canting of spins at the surface of the particles and/or the magnetically dead layer at the surface of the particles is responsible for the observed lower value of magnetization. ions reduces the magnetocrystalline anisotropy constant at higher levels of substitution.
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The values of M r /M s for copper-doped cobalt ferrites which vary from 0.32 to 0.37 are shown in Table 5 . These values are less than the typical value of "1.0" expected for single domain isolated ferrimagnetic samples. The observed deviation from unity (1) could be attributed to the interactions between the grains which, in turn, are affected by the grain size distribution in the material.
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For CoFe 2 O 4 (x ¼ 0) obtained by calcining the precursor at 400 C, the coercivity H c is 1284.9 Oe ( increases with the processing temperature. This migration leads to a decrease in the magnetocrystalline anisotropy which, in turn, is responsible in the decrease of coercivity. 73 Another possible explanation is that the increase in the size of the particles when calcined at higher temperatures could cause a decrease in the coercivity.
All the results obtained in this work from the magnetic measurements for the materials (Co 1Àx Cu x Fe 2 O 4 ) indicate that they are ferromagnetic owing to the fact that, as can be observed from the hysteresis loops, the samples have a spontaneous magnetization even in the absence of an applied magnetic eld. This, therefore, makes them potential candidates for various applications such as in biomedicine and in microwave devices. As far as applications in biomedicine are concerned, the samples obtained in this work have smaller sizes which are the predominant factors in the killing bacteria very fast. 23, 36 In the same light, Samavati et al. 36 and Noppakun et al. 23 have synthesized Co 1Àx Cu x Fe 2 O 4 (x ¼ 0, 0.3, 0.5, 0.7, 1) by the coprecipitation method using hydroxide ion as ligand, for the former and by the sol-gel method using citric acid as chelating agent, for the latter. The groups obtained particle sizes varying from 30 nm to 20 nm and 42 nm to 38 nm, respectively, as the copper concentration was increased. They are all concluded that the smallest particles have the highest killing rate on the E. coli bacteria. With regards to microwave applications, G. P. Rodrigue 74 has showed that the ferrites are used in general in microwave devices. More precisely, they are used as signal amplitude limiters 75 and frequency multipliers 76 in microwave devices. Table 6 shows a comparison of results from this work with those of other researchers with regards to the variation of particle sizes with the synthesis method and temperature.
Conclusion
We have successfully synthesized Co 1Àx Cu x Fe 2 O 4 nanoparticles via the pyrolysis of copper-cobalt-iron hydroxooctanoate prepared by coprecipitation at a relatively low temperature ($380 C) and, for the rst time, at very low dopant concentrations (x ¼ 0, 0.02, 0.04, 0.06, 0.08). The particles obtained are crystalline and are of nanosize based on calculations using the Scherrer equation which gave crystallite sizes ranging between 14 and 17 nm and also from TEM analysis which showed a particle size of $20 nm. Direct evidence for the presence of Cu in the cobalt ferrite crystal structure is provided by XPS which, combined with XRD, showed the formation of a single cubic mixed spinel structure in which a maximum value of x ¼ 0.06 of copper is found in the tetrahedral sites and the remainder in the octahedral sites. VSM measurements conrm the above results obtained by XPS combined with XRD. VSM results also showed that the nal materials are ferromagnetic and could be good candidates for various applications including in biomedicine and in microwave devices. On the whole, the present results demonstrate that the coprecipitation synthesis technique used in this work is not only simple, low cost, controllable, reproducible and versatile but can also be applied to prepare a wide variety of target compounds with a good control of phase purity and stoichiometry.
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